Emerging technologies of net-form manufacturing and electronic packaging rely on the use of precisely deposited molten metal droplets with sizes on the order of 100 µm in diameter. In many technological realizations, c losely spaced droplets are electrostatically charged and deflected onto a substrate in a manner similar to ink-jet printing in order to "print" fine features onto a board for electronics applications or onto a substrate for net-form manufacturing. Unlike ink-jet printing, the aforementioned emerging technologies require the printing of large lateral dimensions onto the substrate by means of electrostatic charging and deflection (on the order of several centimeters), and hence these applications require the droplets to have significantly higher charges than in the ink-jet printing technology. The high charges of the closely spaced droplets can lead to inter-droplet electrostatic interactions that will cause significant deviations in the droplets' trajectories. Hence, the understanding of the physics of inter-droplet electrostatic interactions is of primary importance in order to assure the fidelity of the net-formed component or the printed electronic package. In this work, we present a model that predicts the trajectories of the droplets when charged and deflected and corresponding experimental validations.
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INTRODUCTION
There is recent interest surrounding the use of highly controlled molten metal droplet streams for net-form manufacturing of structural components [1] [2] [3] [4] [5] [6] [7] [8] [9] and printing of electronic packages [10] [11] [12] . In a subset of these developing technologies, the droplet streams are electrostatically charged and deflected for rapid high precision printing onto a substrate [1, 3, 7, [9] [10] [11] [12] . Figure 1 is a conceptual schematic of the droplet printing technology, which is implemented in this work.
Droplets that are generated from capillary stream breakup acquire an electrostatic charge by passing through the charge tube at the point of droplet formation. The initial direction of the droplet stream is along the negative z-axis. The charge signal is carefully synchronized with the droplet formation disturbance waveform so that droplets can be charged on a drop-to-drop basis.
The charged droplets pass through an electric field, which is established by two vertical deflection electrodes as indicated in the figure. Passing through the electric field causes the droplets to acquire a component of velocity in the x direction, the magnitude of which is directly related to the charge on the drop. Continuous substrate motion in the y direction allows printing in two dimensions as shown for the example of Ball Grid Array (BGA) fabrication for electronics packaging. More details of the specific conditions employed to print the shown BGA are provided in reference [ 12] . For the similar application of net-form manufacturing which entails the fabrication of three-dimensional cohesive structural components without any postworking, droplets are deposited in an overlapping regime such that fluid and thermal interactions occur, and successive layers are deposited in order to build the component in the z dimension.
Since many applications require droplet placement over large lateral areas, it is of interest to determine the maximum charge that can be applied to the droplets before the onset of significant inter-droplet interactions that prevent accurate droplet targeting. Inter-droplet interactions occur 4 since the droplets are closely spaced and carry like charges. Hence, the droplets act to repel each other but their motion is impeded by the existence of their droplet neighbors on the opposite side, which also possess charges of the same sign but different magnitude. Figure 2 illustrates the phenomenon of mutual electrostatic interactions. Shown are photographs of two molten solder droplet streams issuing vertically into an inert environment from a 100 µm diameter orifice. In each experimental realization the droplet generation frequency is 12 kHz and the initial vertical droplet speed is 5.5 m/s. In the droplet trace shown to the left, the droplets were charged by passing the capillary stream through a charge electrode at the time of droplet formation. A constant voltage of 250 Volts DC is applied to the charge electrode, giving a charge of -20.24×10 -13 Coulombs to every droplet. The negative charge on the droplets is a result of using a positive charge voltage. This causes electrons to be drawn onto the stream by the attraction to the oppositely charged electrode. Since the droplets each posses the same charge, they act to repel each other, however their motion along the vertical axis is constrained by the existence of their charged neighbors on the opposite side. Therefore, the droplets move laterally out of the main s tream creating a helix spiraling down in x -y-and z, that appears to look like the zigzag when viewed in one plane as shown. The current experimental apparatus is only equipped with observation ports for photographing the x -z plane. Our interpretation of the helical behavior of the charged droplet stream is based on our observations of the droplet trajectory after rotating the droplet generator 90 o in order to observe y -z plane. These observations also revealed that the zigzag path was not limited to the x -z plane, but also occurred in the y -z plane. While the experimental results of this paper are limited to observations in the x-z plane, the phenomenon is three-dimensional, and therefore a three-dimensional model is provided here. The droplet stream shown in the plate to the right is included as a reference of an uncharged solder droplet 5 stream and was generated with the same conditions (excluding charge) as the droplet stream shown to the left.
Since the charging waveform is unique for each pattern to be printed and is likely to be more complicated than the DC example shown above, general methods of compensating for the interactions are non-existent at this time and are not within the purview of this work. This work is aimed at presenting a model which is corroborated by new experimental results that predicts the droplet trajectory subject to highly charged, closely spaced droplets.
BACKGROUND

Droplet Formation from Capillary Stream Break-up
Capillary stream break-up has been used to generate streams of uniformly sized droplets for well over 100 years, and is typically achieved by applying the well-known Rayleigh instability [13] .
In this work, the periodic motion of a piezoelectric crystal is used to establish a disturbance on the surface of a molten metal capillary stream in order to initiate droplet formation as illustrated in Figure 3 . According to the linear theory of Rayleigh, the radial disturbance on the surface of the jet will be unstable and grow resulting in droplet formation for conditions when the nondimensional wavenumber, k o * , which is d efined as the ratio of the initial stream circumference to the wavelength of the imposed disturbance, is less than unity.
Lord Rayleigh developed the first linear stability analysis where he considered an infinitely long, circular, inviscid jet subject to a temporal disturbance growth. He found that disturbances of the radius grow in time t as e βt , where β is the growth rate of the disturbance. A more detailed description of the droplet formation process from capillary stream break-up can be found in the 6 review articles by Bogy [14] and McCarthy and Molloy [15] . Droplet formation from capillary streams has been the subject of numerous experimental and theoretical works. A complete review of the subject is not within the purview of this paper, which is focused on droplet charge interactions.
The droplet generation technique defined by the Rayleigh instability is termed "continuous" droplet generation since a capillary stream is broken into a continuous stream of droplets. Sheild et al. [16] and Bousfield et al. [17] have developed techniques of generating droplets at given pulses and thus are termed as drop-on-demand. The drop-on-demand mode of droplet generation is limited by lower droplet production rates than the continuous mode.
Droplet Charging
A great deal of background work on droplet charging has been performed in the 1960's and 70's for the well-known application of ink-jet printing. A few of the more important experimental works are given by Sweet [18, 19] , Schneider et al. [20] , Kamphoefner [21] , and Fillmore et al. [22] . Analogous to the applications described in this work, an ink-jet jet printer produces characters on paper by deflecting charged droplets on one axis while the print head moves along the perpendicular axis. The droplet charge and the strength of the electric field through which the droplet moves determine the amount of deflection achieved by a droplet. The net charge on the droplet is acquired at the time of droplet formation.
In contrast to the ink-jet droplets, the molten metal droplets in this work attain significantly higher charges so that large lateral areas can be printed in order to fabricate a structural component of meaningful dimensions. The high charges cause significant inter-droplet mutual electrostatic interactions to occur which are not evident in the ink-jet printing technology as was 7 illustrated in Figure 2 . A conceptual schematic of the droplet charging and deflection configuration is shown in Figure 3 . As previously discussed, droplets are charged by passing the capillary stream through a charge electrode at the point of droplet break-off from the stream.
The molten jet is grounded, and a positive potential, V c , is applied to the charge electrode. The amount of charge given to the droplet is determined by the level of voltage applied to the electrode at the time of droplet formation. It is assumed that the conductivity of the liquid is high enough to allow a steady charge to quickly form on the surface of the jet prior to break-up, and that the charge acquired by each droplet is the surface charge on a length λ of the capillary stream. With these assumptions, the charge to mass ratio can be predicted by the relation given by Schneider et al. [20] .
Here, m is the droplet mass, ε o is the permittivity of free space, V c is the charge potential, b is the radius of the charge tube, ρ is the molten metal density, and r o is the radius of the unperturbed capillary stream.
In order to attain 100% charge efficiency, the fluid attached to the capillary stream that will form the leading droplet must reside in the charge tube for a time sufficient for the charge tube to acquire the desired charge value. After droplet formation, the voltage is changed in order to apply a different charge on the next droplet to be formed. Since the conductivity of the liquid is high, it is assumed that charge relaxation occurs faster than the transit time for an element of fluid to move through the charge electrode. Since the droplets acquire a charge at the time the droplet pinches from the capillary stream, the charge electrode should be positioned so that any properties with temperature such as viscosity and surface tension. It is of critical importance to eliminate any excursions in break-up distance since this will lead to a loss of synchronization between droplet formation and droplet charge. Hence, in the undesirable occurrence of fluctuations in break-up distance, droplet charges will be "assigned" to the wrong droplets, causing gross errors in droplet targeting.
MODEL DEVELOPMENT
Consider a sequence of similarly charged droplets emanating from a capillary stream that is oriented along the z-axis. Suppose that at time t=t 1, droplet i experiences a disturbance that causes it to drift a modest distance from the main stream. Then the nearest neighbors on both sides of the drop, i+1 and i-1, immediately feel the repulsion forces from the droplet i, which in return feels the anti-reaction force from its neighbors. Similarly, at a later time t=t 2 , the droplets i+1 and i-1 have been pushed out to the opposite side of the main stream. Then the droplets i+2
and i-2 feel the repulsion and they will move to the same side of droplet i. The process continues until only a very few (if any) droplets will r emain on their intended trajectory, deeming a sequence of similarly charged droplets fragile to transverse disturbances. The transverse disturbance could be as simple as the droplet passing through a set of deflection electrodes for the purpose of droplet targeting. 9 A similar situation occurs when a stream of droplets carry different charges of high magnitude (e.g., to print a horizontal line or other feature). A droplet stream in which each droplet has a charge that is different in magnitude from its nearest neighbor, will also induce repulsive reactions thereby causing them to adjust their positions. The adjustment of one droplet position is not an isolated event, since all of the droplets will adjust their positions to account for the adjustment o f their neighbors' position. Hence, in the situation of non-uniform droplet charges (or AC charging), the droplet excursions will not be the uniform helical behavior as shown in the two-dimensional cross-section of Figure 2 for charges of equal magnitude and sign, but will be a complicated sequence of droplet positions wholly dictated by the characteristics of the charging waveform.
Governing Equations
The equations of motion used to simulate the trajectory of the i th charged droplet traveling through an electric field of intensity E in the x direction are given as:
Where we assume that the undeflected droplet stream is aligned with the z coordinate which is parallel to the gravity vector, and the deflection plates establish a field in the x-z plane so that the magnitude of the deflection due to passage through the deflection plates is measured in the perpendicular x coordinate. Ideally, droplet trajectories will deviate from the z-axis along the xaxis due to the established electric field. However, mutual electrostatic repulsion will cause the droplets to deviate from their ideal trajectory in both the x and y plane.
In the above, V x , V y and V z are the components of velocity in the x, y, and z coordinates defined by:
and the electrostatic repulsive force between the i th and j th droplet is given by:
Where Q i and Q j are the charges of the i th and j th droplets given by Equation (1) . The angle α is the direction of the repulsive motion given by:
Where x i , x j , y i , y j , z i , and z j are the x, y and z positions of the i th and j th droplets with the z-axis pointing vertically downward and the origin of the x and y-axes are placed at the top of the deflection plates.
In the above, g is the gravitational acceleration, and D is the aerodynamic drag force defined by:
where ρ a is the density of the atmosphere, A is the cross sectional area of the droplet, and C d is the drag coefficient of a sphere given by White [23] 
and Re is the Reynolds number based on the diameter of the droplet. The drag coefficient described by Eq (14) is for a n isolated sphere traveling in a quiescent environment. Since the droplets in this work are deflected by various amounts out of the main stream, the above model 12 may overestimate the drag force since many of the droplets are protected by the wake provided by their nearest neighbor.
The system of ordinary differential equations described by Equations (2), (3) and (4) above is solved iteratively for each successive time step.
EXPERIMENTAL APPARATUS
The experimental setup consists of a droplet generator that injects droplets into an environmental chamber, capable of being evacuated to a few times 10 -5 torr with the aid of a diffusion pump.
Although the experiments are performed in an inert environment at a pressure of one atmosphere, we have found that it is necessary to evacuate traces of oxygen from the chamber in order to avoid the disruptive effects of oxidation which work to impede molten metal droplet formation. Immediately below the droplet generator are the charging electrode and the parallel deflection plates. The separation between the orifice, which is contained at the lower end of the droplet generator, and the substrate, is 295 mm. The substrate is mounted on an x-y table that is capable of moving at speeds up to 13 cm/s. Two windows on opposite sides of the chamber allow optical observation in the x-z plane. A schematic of the facility is shown in Fig 4. A microscope with long working distance optics and equipped with a camera is mounted outside the chamber. Values used in the experiment are given in Table 1 below unless otherwise noted in the text.
The droplet deflection is highly sensitive to the initial unperturbed stream radius r o . The initial stream radius may not necessarily be identical to the radius of the orifice depending on the orifice shape. An orifice which has a smoothly contoured entrance region followed by a short tube will have a relatively flat velocity profile at the orifice exit resulting in a stream radius 13 commensurate with the orifice radius. Streamlines through a f lat plate orifice, on the other hand, will be curved at the exit, causing a non-uniform pressure distribution across the radius of the 
RESULTS
Droplet Charge Measurements
As a benchmark to our deflection experiments, we have measured t he droplet charge as a function of charge electrode voltage. In order to measure the droplet charge the droplets are collected in a conductive container that is set on an electrically insulated surface. The container is connected to ground through a picoammeter and the current is measured. The picoammeter is connected between the droplet stream collector and the ground instead of between the voltage source and charge electrode to avoid erroneously high current readings due to the leakage of current through the thin insulator between the charge electrode and the grounded droplet generator. The current measured corresponds to that drawn by the stream due to charging. The following relationship is used to determine the droplet charge to mass ratio from our measurements:
In the above, I is the current drawn by the droplet stream, and & m is the mass flow rate of the solder through the orifice. Operating conditions for this measurement are as listed in Table 1 except for the fact that the charge electrode voltage is varied from zero to 200 volts DC. At the largest charge potential used for this measurement of 200 volts, a current of -16.3 pA is drawn by the droplet stream. This corresponds to an average droplet charge of -1.36×10 -12 Coulombs. Our experimental results are shown as circular symbols in Figure 5 , which also shows the theoretical prediction due to Schneider (Eq. 1) as a solid line. Note that agreement between experiment and 15 theory is excellent, and we can therefore be assured that any deviations between predicted and experimental deflection do not arise due to errors in charge efficiency.
Charged Droplet Interactions
Figures 6 and 7 provide illustrative examples of the detrimental effects of mutual droplet charge interactions. In the figures, the characters "UCI" were printed by electrostatically deflecting the charged droplets along the x-axis as shown while the substrate was in continuous motion along the y-axis. The fluid dynamic properties of the droplets are provided in Table 1 . The charging waveforms used to print the characters are provided in Figure 8 . The maximum charge used to generate the characters in Figure 6 is -6×10 -13 Coulombs, which is relatively low, and hence, this charging waveform does not create observable errors in droplet targeting. The character height is 4.7 mm. The characters shown in Figure 7 , on the other hand, were obtained with relatively high charges as is evident from the height of the characters (illustrating the extent of the deflection) which is 9.4 mm. The maximum charge used to print the characters in Figure 7 is -1.5×10 -12 Coulombs. Also apparent in the figure is the undesired waviness of the lines formed by droplet splats that create the characters. This waviness is due to electrostatic interactions, which are more severe when the droplets are highly charged as evidenced in the example shown here. A few comments are required at this point to describe the nature of the deviations from the ideal target for the high charging case. First, it can be seen that there is not a systematic displacement in droplet position with applied voltage that one may expect from the theoretical expressions. To understand this finding, we consider the waveform that was used to print the character "U" as shown in Figure 8 . The first five peaks illustrate the relative charges applied to the five droplets that created the first of the two vertical lines along the x-axis of the "U". One 16 may expect the interactions between drops i=4 and i=5 to be greater than the interactions between drops i=2 and i=3 due to the magnitude of their charges. It should be pointed out, however, that drop i=5, which is a highly charged end drop, feels the repulsive force from only one neighboring drop, i=4, whereas drops i=2 and i=3 feel the repulsive forces from neighboring drops on both sides. Hence, there is a competition between the magnitude of the droplet charge and the magnitude of the charges of the neighboring drops. Also, it appears that the y-axis error is greater than the x-axis error. This is not necessarily the case, and the x-axis error and the y-axis error are on a par. The waviness ( y-axis error) shown on the vertical segments made from the five closely spaced charged drops is due to the helical behavior of the droplet charges as they travel along z. However, there is also an error in the placement along the x-axis, which is the y-axis error that is on a par in magnitude with the x-axis error that can be observed by noting the relative differences in inter-droplet spacing along the x-axis.
Additionally, the base of the "U" character was printed with the two isolated droplets as shown in Figure 8 . These droplets are sufficiently isolated to exhibit negligible inter-droplet interactions, and the apparent error in droplet placement (which appears to be an x-axis error) is somewhat misleading. To illustrate this point, consider all of the droplets in the "UCI" except those that were printed with closely spaced drops (i.e., except the four lines of five drops along the x-axis). Examination of the remaining drops illustrates that they exhibit very little x-axis errors, and these positions are very near to their "ideal" positions. The gray horizontal line has been included as a reference to illustrate the point that the only drops exhibiting errors from this reference are those associated with the vertical lines of five drops. Hence, it is the lines that were printed with closely spaced charged drops that exhibit mutual repulsions that cause the end drops to "kick-out" along the x-axis farther from the "ideal" position. 17 The model described in this work was developed as a tool to study the effect of electrostatic mutual repulsion, and was used to simulate the trajectory of five droplets under the influence of gravity, aerodynamic drag, and mutual electrostatic repulsive forces. Experiments in the x -z plane were also conducted to verify our model results. Figure 9 illustrates the charging waveform that was used in both the simulation and experiment. In this case, the maximum charge is -8.2×10 -13 Coulombs which is considered to be relatively low. Figure 10 illustrates the model simulation of the trajectories o f five droplets subject to the charging waveform shown in Figure 9 .
Here, the effects of gravity and drag are included, while the repulsive forces are excluded. The circular symbols are our experimental measurements.
In both experiment and simulation, the droplets traveled a downward vertical distance of 295 mm until impacting with the substrate which is indicted by the horizontal dashed line. In the absence of repulsive interactions, the simulations predict that the droplets should be evenly spaced as shown where the solid lines intersect the horizontal dashed line. However, our experimental measurements indicate that there is a small amount of repulsive interactions occurring as can be seen by the increased separation in experimental data between drops i=3 and i=4. This is due to the fact that the charges on the drops i=1 and i=2 are too small to cause measurable inter-droplet repulsions, and the charges on drops i=3 and i=4 are larger than on any other bounded set of droplets (droplet i=5 is unbounded and hence only feels the repulsive force from drop i=4). Including the effects of mutual repulsion in the simulation leads to the results shown in Figure 11 . In this case, the model simulations are in excellent agreement with experiment, which are r eproduced on Figure 11 for comparative purposes. Figure 12 illustrates the charging waveform used in the experiment and simulations for the high charging case shown in Figures 13 and 14 . In Figure 13 , the simulations included the effect of 18 gravity and drag, but not electrostatic repulsion. As can be seen by the solid lines, which depict the trajectories of the droplets, the simulation predicts that the droplets will be uniformly separated when they encounter with the substrate. Our experimental measurements show that the droplet positions are highly non-uniform which is a consequence of the electrostatic repulsive forces. Unlike the data of the low charging case as shown in Figures 10 and 11 , the magnitude of the charge on all of the droplets (even drops i=1 and i=2) is large enough to cause mutual interactions, and therefore, the deviation between experimental and the ideal trajectories is significant. It can be seen that droplet i=3, the central droplet is the only droplet that hits its target. This is because, unlike the case for low charging, the interactions from both drops i=2
and i=4 are significant, and the deviations become more symmetric (though not completely symmetric due to the variations in absolute droplet charge).
The discrepancy between experiment and simulation here illustrates the magnitude of the repulsive forces. Figure 14 illustrates the simulated droplet trajectories with the effect of gravity, drag, and electrostatic repulsion included. As is evident from the figure, there is excellent agreement between experiment and simulation, and electrostatic interactions cause significant deviations from the ideal droplet trajectories. It is worth noting that without considering the effects of repulsive forces in the simulation, one may be led to believe that there is scatter due to experimental error in the measurement. However, the consideration of the effects of the repulsive forces allows the correct conclusion to be drawn that there is indeed little experimental error and the droplet placement can be predicted to a high degree of accuracy.
There are two distinct issues that define upper limit for the charge that can be applied to a drop.
The first, which is the subject of this paper, defines the maximum charge that can be applied to the stream before mutual charge interactions cause unacceptable printing resolution. In this 19 work, we assume that droplet placement deviations greater than ±12.5 µm at the substrate resulting from charge interactions are unacceptable as suggested by individuals representing certain sectors of the electronics assembly industry [ 12] . The second issue is that of charge induced droplet disintegration. If the electrostatic forces are strong enough to overcome the surface tension force that holds the drop together, the drop will catastrophically disintegrate.
Lord Rayleigh [ 24] estimated the maximum charge before disintegration with the following expression:
For the molten solder droplets generated in this work, Q max is equal to 48.0 ×10 -12 Coulombs, which is well above the values used in this work.
We have used the model presented in this work to estimate the maximum charge that can be applied to a droplet stream before mutual electrostatic interactions cause deviations in placement on the substrate greater than ±12.5 µm. The deviations in trajectories depend on flight distance from the exit of the deflection plates and the magnitude of the deflection field. In order to make the analysis independent of our apparatus dimensions, we have defined the origin of the coordinate system to be coincident with the exit face of the deflection electrodes, and plotted the maximum charge as a function of flight distance for several values of the deflection plate voltage. The results are shown in Figure 15 , where it can be seen that the mechanism governing the limiting droplet charge is due to mutual droplet interactions and not to droplet disruption, as the maximum charge for droplet disruption is over an order of magnitude higher than that for unacceptable interactions.
Since the targeting errors due to interactions amplify over flight distance, the maximum charge that may be applied to the drop decreases with flight distance. It is 20 also seen that droplets traveling through a weaker electric field can tolerate higher charges before significant interactions are apparent. It is shown in previous work [25] , that the droplet deflection is a function of the product of the charge voltage and the deflection voltage. Hence it can be reasoned that the errors in droplet deflection also depend on the product of droplet charge and charge potential, and therefore, an increase in droplet charge can be compensated for by decreasing the deflection potential as evidenced by the simulation results in Figure 15 . For conditions employed in this work, the simulations indicate that the charge must not exceed -6.1×10 -13 Coulombs for a deflection voltage of ±2,500V if droplet placement accuracy less than ±12.5µm is to be maintained, which is consistent with all of the results presented in this work.
The model provided in section 3 could be used to predict the maximum charge for any required printing accuracy.
CONCLUSIONS
Through model simulations and experimental measurements, it is shown that electrostatic repulsive forces between highly charged droplets are significant and can cause considerable deviations from the ideal droplet trajectory, thereby leading to printing errors if the repulsive forces are ignored. Such errors are not apparent in the technology of ink-jet printing since smaller deflections are required, deeming the use of high charges unnecessary. Hence, it is the emerging applications of net-form manufacturing and electronic package fabrication from metal droplet printing, which rely on the deposition of highly charged metallic droplets in order to print large dimensions onto a substrate that will suffer from the existence of electrostatic repulsive forces. In those applications, methods to compensate for the repulsive forces must be developed. Since the series of repulsive interactions for a droplet stream is unique for each 21 charging waveform, optimization of the charge waveform in an effort to compensate f or the interactions can be a tedious endeavor since general optimization methods are currently not available.
Also presented was a prediction of the maximum charge that can be applied to the stream before electrostatic interactions that cause deviations g reater than ±12.5µm in droplet placement at the substrate occur, which is a requirement imposed by certain sectors of the electronic package industry. The model presented in this work can also be used to ascertain the maximum charge for any required printing accuracy. It is shown that the maximum charge that can be applied decreases with flight distance to the substrate, which can be reasoned to be due to the fact that the errors in droplet trajectory are amplified with flight distance. Also, it is shown that increasing the magnitude of the electric field through which the charged drop travels results in a decrease in the maximum charge that can be applied to the drop. For the conditions employed in this work, the limiting charge is due to repulsive interactions, and the maximum charge before droplet disintegration is nearly two orders of magnitude higher. microns in diameter were charged and deflected onto a black paper substrate where they underwent the splatting action as shown. Droplets were highly charged as is 25 evident from the size of the characters and the charging interactions, which cause observable non-uniform character spacing. 
